Williams syndrome (WS; OMIM 194050) was first described in 1961 by Williams et al. (1) as a congenital developmental disorder involving both connective and central nervous systems. It is characterized by distinctive facial features, growth delay, mental retardation with typical neurobehavioral profile, cardiovascular anomalies, and occasional infantile hypercalcemia. Other features include feeding difficulties during infancy, poor visual motor skill abilities, hyperacusis, hoarse voice, joint hyperextensibility, and stellate pattern of iris (2) .
The estimated frequency of WS is~1 in 20,000, and the syndrome is mainly sporadic, although there are reports of a few cases following autosomal dominant inheritance (3) (4) (5) . WS is one of the contiguous gene syndromes. In 1995, Nickerson et al. (6) stated that haploinsufficiency of multiple genes, at the 7q11.23 locus, may contribute to the phenotypic features. At least 19 genes, apart from ELN (STX1A, LIMK1, RFC2, FZD3, FKBP6, WBSCR9/WSTF, CYCLN2, GTF3, etc.) are included in the commonly deleted region, which is 1.5-1.7 Mb in size and contains the polymorphic markers D7S489B and D7S1870 (4, 7) . Hemizygosity at the elastin locus (ELN) on chromosome 7 occurs in~95% of WS patients (4, 8) . ELN gene deletions that result in loss of elastin function are solely responsible for the pathogenesis of the cardiovascular aspects of the disorder (9 -13) .
The LIMK1 gene lies telomeric to the ELN gene and has been implicated in the cognitive deficit of the syndrome because it is deleted in all WS patients (6,12,14 -16) . Wang et al. (17) found that LIMK1 and neuroregulin are co-localized at the neuromuscular synapse, suggesting that LIMK1-like neuroregulin may play a role in synapse formation and maintenance. The LIMK1 protein is also implicated in the function of actin and apoptosis (18) .
Diagnosis of WS relies mainly on recognition of the characteristic facial features, but the variability of the syndrome often makes clinical delineation difficult, especially during the early months of life. Identification of an elastin gene deletion by molecular cytogenetic techniques [fluorescence in situ hybridization (FISH)] as well as by DNA analysis confirms the clinical diagnosis (8) .
The present report describes phenotypic and genotypic data in a group of 50 Greek patients and adults with the clinical diagnosis of WS, aged from 3 mo to 30 y. Special consideration was given to the long-term complications and early intervention programs, as their life expectancy has been increased.
METHODS
This 8 y study (1996 -2004) initially consisted of 65 children and adolescents (39 boys and 26 girls) who were referred consecutively to the Department of Medical Genetics of Athens University Medical School because of developmental delay and/or heart disease with the possible diagnosis of WS. Fifty patients (28 boys and 22 girls) met the clinical criteria of WS and underwent laboratory investigation. None of the parents had the clinical features of WS, indicating that all cases were de novo presentations. One set of monozygotic twins participated in the study. All families were of Greek origin, with the exception of two mothers (patients 17 and 24). Full medical records and pictures of all patients classified according to age and phenotype were kept for their follow-up, which included detailed clinical and laboratory assessment. The study was approved by the Institutional Review Board of Athens University, and an informed consent regarding DNA studies was obtained from all families.
For obtaining uniform clinical data, a questionnaire was designed according to the guidelines published by the American Academy of Pediatrics and growth parameters were plotted on WS growth charts (2) . Medical problems were classified along with the dysmorphic features and recorded (Table 1 ). All children underwent the following:
1. Physical (including growth parameters) and neurologic examination 2. Cardiologic evaluation (clinical, ECG, echocardiogram) and four-limb blood pressure measurements 3. Multidisciplinary developmental assessment and intervention. Mental retardation was classified into severe (IQ Ͻ40), mild/moderate (IQ 40 -75), and borderline (IQ Ͼ75).
4. Genitourinary system evaluation (ultrasonography of bladder and kidneys, renal function, and urinalysis studies)
5. Ophthalmologic evaluation 6. Endocrine testing (thyroid function, growth hormone, sex hormones) 7. Hearing assessment 8. Biochemical profile For the last 8 y, all children have been followed up with routine examinations and early intervention programs according to their age group, and, when necessary, guidance and vocational training were offered.
Cytogenetic and FISH studies. Blood was collected, after informed consent, from 50 children and their parents. Chromosome analysis by conventional G-banding technique was performed in all patients. Two-color FISH was applied for the detection of hemizygosity of the elastin gene on metaphase spreads and nuclei using the ELN chromosome specific probe (Oncor; Appligene, France) on 7q11.23. Hybridization and detection procedures were according to the manufacturer's protocol. The locus D7Z1 served as a control for chromosome 7.
Molecular studies. DNA was extracted from peripheral blood lymphocytes of 46 of 50 patients and their parents using the "salting out" method (19) . Four families refused to provide blood samples. Dinucleotide repeat polymorphism (DNRP) analysis was performed for the characterization of six intragenic polymorphic markers along the critical WS region at 7q11.23. Loci D7S489B, D7S2476, D7S613, D7S2472, D7S1870, and D7S489A, which flank and encompass the elastin gene, were used for genotypic analysis (Fig. 1) . Primer sequences and PCR conditions were as retrieved from the NCBI genbank (www.ncbi.nlm.nih.gov/htbinpost/Entrez/). Primers were custom-made, nonradioactive Texas Red labeled (Genset SA, Paris, France). The PCR products were fractionated by electrophoresis, using the Vistra 725 Automated Sequencer. Comparative haplotype analysis and data processing were performed with the use of FragmeNT Analysis v1.1 software (Molecular Dynamics, Amersham, UK).
RESULTS
The main clinical and laboratory findings of our patients are summarized in Table 1 . The characteristic facial features of the syndrome were present in all 50 cases. Most prominent were periorbital fullness, malar flattening and full sagging cheeks, wide mouth with prominent lower lips, broad nasal tip, broad forehead, and long philtrum.
Twenty-five of 50 patients experienced perinatal problems such as prematurity (24%), low birth weight (14%), respiratory distress syndrome (6%), and jaundice (20%). Fifteen of 50 
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were born by cesarean section. Feeding difficulties and failure to thrive within the first year of life was a typical complaint of their parents (35 of 50). At diagnosis, most children had short stature (33 of 50). Seven of 50 patients (patients 3, 6, 14, 27, 35, 41, and 47) were remarkably short (Ͻ2 SD). Four patients (patients 3, 6, 14, and 27) underwent a glucagon and clonidine provocation test and received supplementation therapy with growth hormone. Microcephaly was noticed in 16 of 50 patients.
All children had some degree of mental retardation, with IQs ranging between 20 (patient 9) and 85 (patients 25, 30, and 48). The majority exhibited outgoing, gregarious, overfriendly personalities. Only two patients (1 and 9) did not show the typical behavioral profile, because they had severe retardation with autistic features such as stereotyped mannerisms, isolation tendencies, and frequent temper tantrums. On the other end of the spectrum, the three patients with the highest IQ exhibited almost normal behavior. Hyperactivity and distractibility were very common manifestations, especially in younger patients. Forty of 50 patients had sleep disturbances that seemed to improve with time. Hyperacousis was the most consistent finding (45 of 50) and was evident mainly in the first 5 y of life. Hypotonia, ranging from mild to severe, was observed in 36 of 50 patients, with the most significant manifestation being the delay in walking. Generalized tonic-clonic seizures were noticed in only three patients (patients 8, 18, and 35); in one of them, it was a result of hyperpyrexia, whereas in the other two, anoxia was the triggering factor. One patient (patient 21) experienced absences. All of these patients were under anticonvulsant therapy for a limited period. Brain computed tomography scan was normal in all of our WS patients.
All patients had a systolic heart murmur as neonates. Cardiologic evaluation and echocardiography revealed supravalvular aortic stenosis (SVAS) in 14 of 50, pulmonary stenosis (PS) in nine of 50, mitral valve prolapse in three of 50, and had both SVAS and PS in five of 50. Eight patients with congenital heart defect underwent surgery. Nineteen of 50 children had no cardiovascular defect, even though heart murmurs were identified in the neonatal period. Hypertension was an early manifestation in 11 of 50 patients, and all required medication. Two male and four female adults are undergoing intensive monitoring for hypertension. Hypercholesterolemia was evident in patient 28.
The majority of the children had enuresis, and 10 of 50 had urinary infections and/or vesicoureteral reflux. The rest had normal renal ultrasound.
Ocular findings were present in 48%, such as strabismus and stellate pattern of iris. Patients 3, 35, and 38 underwent surgical correction of strabismus. A 5-y-old boy, patient 31, had a remarkable blepharoptosis and in the biochemical workout was found to have elevated CPK. Five more children also had elevated CPK.
Hypothyroidism was diagnosed in 19 of 50 patients. One child showed congenital hypothyroidism (patient 5), 14 had subclinical hypothyroidism with only elevated TSH, and four were under treatment for hypothyroidism at the time of presentation. All of these patients were tested for the presence of antibodies. In only two females (patients 25 and 38) were antimicrosomal and antithyroid globulin antibodies detected. Patient 25 had hyperthyroidism. Precocious puberty was clinically observed in eight patient and was endocrinologically verified with FSH, LH, and Prl (LH response Ͼ FSH response in LHRH test). Puberty was arrested in three patients (patient 10, 14, and 23).
Soft tissue manifestations such as skin hyperelasticity, inguinal hernias, hypo-and/or hyperpigmentation, slopping shoulders, joint laxity, and hernias were a frequent finding as they were present in 30 of 50 children. Twelve patients underwent surgical repair of inguinal hernias. Five children exhibited arthralgias (patients 4, 10, 12, 20, and 41), and four showed a mild degree of kyphosis (patients 9, 12, 38, and 50).
Forty-five of 50 children had dental anomalies such as small crooked teeth, caries, and excessive interdental spacing with malocclusion. Infantile hypercalcemia was found in only five patients (patients 12, 31, 32, 40, and 41) .
Laboratory data. Karyotypic analysis was normal in all 50 cases. FISH in metaphase spreads and interphase nuclei showed deletion of the elastin gene in all but one patient, which was inconclusive.
Results of genotyping 46 of 50 patients for the six polymorphic loci studied are shown in Fig. 2 . Molecular analysis demonstrated lack of the maternal allele in 27 (59%) patients and the paternal in 17 (37%). Figure 3 shows the deletion of the maternal allele in three different families, including the set of twins. In 44 of 46 patients, the findings were consistent for all 
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WILLIAMS SYNDROME IN THE GREEK POPULATION informative loci, whereas two (4%) patients (9 and 11) were noninformative for all loci tested. In Fig. 4 , graphic analysis of the haplotypes is recorded.
DISCUSSION
In 1993, Ewart et al. (8) and Morris et al. (5) correlated the deletion at 7q11.23 with WS and SVAS, as a result of heterozygosity at the elastin locus. Later, a common region of deletion was described in 200 WS patients, and so far, it has not been clarified whether there is any imprinting effect (15) . The genome segments involved in several contiguous gene syndromes have been shown to be flanked by low-copy repeats (LCRs). LCRs facilitate rearrangements between two homologous chromosomes causing genomic instabilities, which could progress to genomic disorders, including WS (20 -22) .
Although the overall clinical presentation may be variable, the distinctive phenotype was evident in all of our patients. Perinatal problems such as cesarian section, premature delivery, low birth weight/small for gestational age, jaundice, and respiratory distress syndrome were common, but because they are nonspecific, they rarely led to the diagnosis of WS.
Because of feeding difficulties, WS patients are underweight during the first year of life. Recurrent vomiting as a result of gastroesophageal reflux, colic, and diarrhea is also common (23) . GH deficiency has not been considered a major cause of growth retardation in WS, and in the literature, only one patient with confirmed GH deficiency responded well to therapy (24) . It is noteworthy that one of our patients (patient 27) responded satisfactorily to hGH therapy. The deletion in this specific patient extended beyond D7S1870 to D7S489A polymorphic markers. Weight gain was observed in most cases after the age of 10, in contrast with the OFC and the height, which followed the anticipated growth parameters (23) . It has been reported that the mean final height of girls and boys with WS is 153.9 Ϯ 6.9 cm and 168.2 Ϯ 6.9 cm, respectively (25) .
All of our patients were tested thoroughly for thyroid abnormalities because it has been reported that WS patients have elevated levels of TSH (26) . As it is known, WS patients have a tendency to central precocious puberty and abbreviated pubertal growth spurt, especially in boys (27, 28) . The early pubertal development and the short duration of this period contribute to the decreased final height (27) . In our study, eight (16%) patients had precocious puberty which seems to be higher than the one reported in the literature (29) . Three children were treated with GnRH agonists, as hormonal intervention to delay puberty allows for further intellectual and emotional maturity (29) . Because the majority of our patients (32 of 50) were younger than 10 y, early menstruation could not be excluded.
Cardiovascular anomalies were evident in most of our WS patients, as in other reports in the literature (30 -33) . The incidence of total cardiovascular disease in boys was greater than in girls (34) . Although SVAS is reported to be the most common cardiovascular defect in WS (35-73%), in our group, only 28% had SVAS (35) . In six boys, SVAS was accompanied by hypoplastic aortic arch and was severe enough (gradient Ͼ25 mm Hg) to require surgical intervention. It has been reported that gradients Ͼ20 mm Hg in SVAS and WS tend to increase with time (36) . It is well documented that PPS shows a good long-term prognosis (35, 36) . Only one girl (patient 3) required surgical intervention for PS.
Patient 15 received a diagnosis of having PPS as a neonate, but at the age of 4 the PPS was not identifiable. Long-term cardiovascular monitoring showed that cardiac manifestations, if present, were evident by the age of ten (37, 38) .
It is reported that unexpected deaths are attributed to myocardial ischemia, decreased cardiac output, and arrhythmia. Sudden death, a well-known outcome of nonsyndromic SVAS, is not common in WS patients. However, some WS patients have died from strokes (39 -44). Five of our male patients, died: one boy (patient 8) with SVAS (gradient 40 mm Hg) and severe left ventricular hypertrophy who underwent cardiac catheterization and angiography. Surgical correction was complicated by multiorgan failure. He developed seizures and was under antiepileptic therapy. At the age of 3, he was treated for endocarditis but 2 y later died as a result of septicemia. Another one, patient 29, was operated on successfully twice: t the age of 5 mo because of severe SVAS and at the age of 3 because of gastrointestinal bleeding attributed to Meckel diverticulum. Unfortunately, at the age of 4, he suddenly died as a result of myocardial ischemia.
Patient 34 received a diagnosis at the age of 3.5 mo as a result of SVAS and PS. He died at the age of 3 as a result of the second balloon angioplasty. Patient 47 failed to thrive and died suddenly at the age of 2.5 y. He had no cardiac defect, and no autopsy was performed.
A 3-y-old boy (patient 4) was operated on because of SVAS and VSD. Joint laxity, generalized arteriopathy, and hypertension were aggravated by brain hemorrhage and hemiplegia (Fig. 5) . After palliative neurosurgical intervention, he never regained consciousness. Cardiac catheterization revealed aortic hypoplasia and severe left ventricular hypertrophy. Death was a result of intractable hypertension, which was attributed to bilateral and severe (Ͼ90% and 1 cm in length) renal artery stenosis (Fig. 6) . The severity of elastin arteriopathy in patients with WS is worse in male individuals and the presence of aortic hypoplasia impairs the prognosis of those who operated on for SVAS as in our patient 4 (34, 36) .
It has been reported that early-onset hypertension is evident in 40% of WS patients, between infancy and the age of 34 (38, 45) . Hypertension in six of our patients was evident before the age of 5, although Broder et al. (46) stated that high blood pressure is more frequent in adolescents and adults. Patient 25, a 30-y-old married woman, had one of the highest IQs (IQ ϭ 80). After a therapeutic abortion at the age of 27 as a result of preeclampsia, she developed intractable hypertension. This patient, along with the two reported cases by Pankau et al. (3) in which autosomal dominant inheritance was observed confirms that female individuals with WS are often fertile.
Genitourinary abnormalities were evident in 20% of our patients, consistent with the reported incidence (47, 48) . A 5-y-old girl (patient 36) had nephrocalcinosis in renal ultrasound and hypercalciuria with normocalcemia. Morris et al. (49) described this in adults with WS.
Our affected children had delayed cognitive and language abilities that improved with time. Hyperactivity was more situational than pervasive. Impaired visuospatial abilities are probably responsible for learning difficulties. Stromme et al. (50) attributes 6% of mental retardation of genetic cause to WS. In the spatial deficit characteristic of WS, LIMkinase 1 gene has been implicated (14, 17) . Defining the biologic basis for the specific defects, along with the behavioral profile found in individuals with WS, would explain how cognition is linked ultimately to the genes (51, 52) . Hyperacusis during childhood was consistent in our series (90%) (53, 54) .
One of our boys (patient 17) developed a non-Hodgkin's lymphoma. This is the second reported case of a lymphoma in a WS patient and the first in a child, whereas there have been three more reports of malignancy associated with WS (55) (56) (57) (58) .
Patients 21 and 22 were monozygotic twins as confirmed by molecular studies. Although their dysmorphic features differed slightly, the cognitive profile was comparable. This is the ninth set of twins with WS reported in the literature (59 -61) . Hypercalcemia was less frequent (6%) in our patients than the documented incidence in WS (15%) (62) . Stellate iris, which is considered pathognomonic, does not affect the vision. No retinal vascular tortuosity was found in our patients (38, 63, 64) .
Connective tissue abnormalities are very common. Morris et al. (49, 65) stated that joint contractures could be accompanied by kyphoscoliosis and lordosis. Osebold et al. (66) urged spinal surgeons to operate early because of the rapid progression of kyphoscoliosis. Manifestations of the joints and the skin were evident in our series. Premature aging of the skin, hypo-or hyperpigmented areas, one case with acanthosis nigricans (patient 3), and one with hairy pigmented nevus (patient 42) were noted. Cutis laxa phenotype could result from mutations in the 
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WILLIAMS SYNDROME IN THE GREEK POPULATION elastin gene or the deletion of the entire gene (67, 68) . Knockout mice show that the elastin gene plays an important role in the elasticity of various tissues. This could be used as preventive therapy in SVAS, WS, and other muscular disorders (69) . Neurologic findings such as hypotonia, fine motor and oromotor dysfunction, reflex activity, microcephaly, and seizures were evident in our patients.
On the basis of the observations of the present study, it seems that a precise evaluation of WS patients results in an earlier diagnosis and appropriate care management and counseling, as has been previously reported (70) . WS remained undiagnosed in patients 9, 25, and 38 until adolescence. In the literature, there are also reports of WS diagnosis in adults (65, 71, 72) .
Although the contribution of FISH remains invaluable for confirmation of the diagnosis, it does not permit estimation of the size of the deletion or the parental origin. Molecular analysis allowed a correlation of genotype with phenotype.
On the basis of the molecular findings, we noted that whereas the average age of diagnosis in our series was 6, in the patients with paternal deletion, the mean age was 8.3. Also, when there were no heart defects, the diagnosis of some WS with paternal deletions was made later. Concerning the mean birth weight, no difference was noted between the two groups (2.44 g in the paternal and 2.53 g in the maternal). More of our patients with maternal deletions exhibited microcephaly, a finding also reported by Jurado et al. (7) . When microcephaly was not present, in the maternally deleted group, IQs were Ն70. Three of the 17 paternal deletion cases had the highest IQs (75-85). Also, all sudden deaths occurred in boys with maternal deletions. In the paternally derived deletions, more patients with aortic stenosis (n ϭ 5) rather than PS (n ϭ 2) were noted. In light of the clinical differences between paternally and maternally inherited deletions and the worse outcome of maternal ones, it seems that some genes in the Williams cluster may be imprinted (7, 73) . Further research is needed to clarify this observation.
The unequal meiotic recombination/crossover, probably mediated by the highly homologous DNA (LCRs) that flank the commonly deleted region, occurs mostly in the maternal chromosome. The recurrence of the inter-(66%) or intrachromosomal (33%) rearrangement must be negligible (20, 73) . This agrees with the sporadic occurrence of WS in the literature and in our series.
The most informative loci were D7S1870 and D7S2476, followed by D7S489B and D7S613. D7S2472 was not informative in our population. It is interesting that only two patients (27 and 41) had hemizygosity in the D7S489A locus, whereas the rest were either noninformative or normal. This verifies that locus D7S489A is outside the deletion in most WS patients (7). Robinson et al. (74) identified two more cases with hemizygosity at D7S489A (called D7S489L). In our series, patient 27 was informative for the most centromeric D7S1870 and the most telomeric marker D7S489A. One can probably speculate that the size of this deletion explains the GH deficiency found in this child. More studies should be carried out, however, to determine whether in the deleted area, there are genes that control the height.
It was difficult to determine the size of the deletion in all our patients, because some were noninformative for the most telomeric and/or the most centromeric polymorphisms. Even though it is premature or difficult to establish genotypephenotype correlations, the dissection of the variable phenotype will provide WS patients with a reliable prognosis of the severity of their symptoms.
